Purpose: Electromagnetic (EM) tracking is a key technology in image-guided therapy. A new EM Micro Sensor was presented by Polhemus Inc.; it is the first to enable localization of medical instruments through their trackers. Different field generators (FGs) are available by Polhemus, one being almost as small as a sugar cube. As accuracy and robustness of tracking are known challenges to using EM trackers in clinical environments, the goal of this study was a standardized assessment of the Micro Sensor in both a laboratory (lab) and a computed tomography (CT) environment. Methods: The Micro Sensor was assessed by means of Hummel et al.'s standardized protocol; it was assessed in conjunction with a Polhemus Liberty tracker and three FGs -with edge lengths of 1 (TX1), 2 (TX2), and 4 (TX4) inches. Precision as well as positional and rotational accuracy were determined in a lab and a CT suite. Distortions by four different metallic cylinders and tracking of two typical medical instruments -a hypodermic needle and a flexible endoscope -were also tested. Results: A jitter of 0.02 mm or less was found for all FGs in the different environments, except for the TX2 FG for which no valid data could be obtained in the CT. Errors of 5 cm distance measurements were 0.6 mm or less for all FGs in the lab. While the distance errors of the TX1 FG were only slightly increased up to 1.6 mm in the CT, those of the TX4 FG were found to be up to around 10% of the measured distance (5.4 mm on average). The mean orientation error was found to be 0.9 / 0.5 /0.1 for the TX4/TX2/TX1 FG in the lab. In the CT environment, rotation errors were in the same range: less than 1.2 /0.1 for the TX4/TX1 FG. Deviation under the presence of metallic cylinders stayed below 1 mm in most cases. Precision and orientational accuracy do not seem to be affected by instrument tracking and stayed in the same range as for the other measurements whereas distance errors were slightly increased up to 1.7 mm. Conclusion: This study shows that accurate tracking of medical instruments is possible with the new Micro Sensor; it demonstrated a jitter of 0.01 mm or less, position errors below 2 mm, and rotation errors of less than 0.3 . As with other EM trackers, errors increase when large tracking volumes with ranges of up to 50 cm are required in clinical environments. For smaller tracking volumes with ranges of up to 15 cm, a high accuracy and robustness was found. This is interesting especially for the TX1 FG which can easily be placed in close vicinity to the region of interest.
INTRODUCTION
Accurate and robust localization of instruments and anatomical structures within patients is crucial to image-guided therapy (IGT). Imaging is either performed intraoperatively, for example, with ultrasound (US), or preoperatively, for example, with computed tomography (CT) or magnetic resonance imaging (MRI). Preoperative imaging is often the method of choice due to higher image resolution and contrast.
To provide guidance information during a medical intervention, patient imaging data can be augmented by the instrument's pose, as determined by tracking systems. For many applications, such as interventions with catheters, flexible endoscopes, or needles, line of sight to the tip of the instrument is blocked by human tissue. Electromagnetic (EM) tracking allows for the localization of small EM sensors within a magnetic field emitted by a nearby EM field generator (FG) and does not require line of sight. 1 In a common setup for EM tracking, the FG is placed in vicinity of the region of interest. Relatively large FGs are required to enable accurate tracking with a range of approximately 50 cm as is necessary for common medical procedures.
However, it was shown in many studies that this setup is prone to errors that may be caused by ferromagnetic medical equipment or by large-scale imaging devices, such as a CT scanner. [2] [3] [4] Standardized protocols were proposed for careful evaluation of the trackers, for example, by Wilson et al. 5 and Hummel et al., 2 and have been applied to most commercial and research EM trackers. 1, 3, 4, 6 Using one of these established protocols enables direct comparison between the different trackers regarding accuracy, precision, and robustness.
To overcome the drawback of lacking robustness in clinical environments, different research groups and companies have presented concepts to use specially adapted FGs, for example, integrated into a C-Arm 7 or a US probe. 8 Other examples show how the FG itself can be used to guide a drill to a tracked target 9 or how a FG can be attached to the patient's skin for guiding needle insertions. 10 Such concepts integrate well into clinical workflows and are thus easy to use; some have been shown to be highly accurate and robust in clinical environments. 7, 11 Most of these systems use the Aurora and Ascension trackers of Northern Digital (NDI) Inc. (Waterloo, ON, Canada). Recently, Polhemus Inc. (Colchester, VT, USA) increased efforts to target the medical field by introducing a new miniaturized sensor (Micro Sensor 1.8) that allows for tracking of medical instruments. The Micro Sensor can be used in combination with FGs of different sizes also offered by Polhemus. This includes a miniaturized FG which is highly interesting because it potentially allows for straightforward integration of the tracker into many environments or even attachment of the FG to instruments or patients. To quantify errors associated with using the novel Micro Sensor in the context of CTguided interventions, the goal of this study is a standardized assessment in both a CT and a laboratory (lab) environment.
MATERIALS AND METHODS

2.A. Tracking hardware
Polhemus offers different types of sensors, FGs, and trackers. In this study, we assessed the Micro Sensor 1.8. It has a diameter of 1.8 mm (13 Gauge) and was designed for medical applications. The sensor's size allows its integration in various forms of medical equipment such as needles and endoscopes (cf. Fig. 5 ). Three cube-shaped FGs, referred to as TX1, TX2, and TX4 (cf. Fig. 1 ) as well as a FG referred to as Long Ranger are available. Polhemus offers the tracker product lines G4, LIBERTY, PATRIOT, SCOUT, and FASTRAK.
We used the LIBERTY tracker, which enables the highest accuracy and allows for tracking up to 16 sensors with an update rate of 240 Hz and a latency of 3.5 ms. Polhemus states the following specifications regarding precision and accuracy under technical conditions: positional measurements have a precision (root mean square, RMS) of 0.8 mm (0.03 inches) and a resolution of 3.7 mm (0.145 inches) at a range of around 3 m, and of 0.0 mm (0.00005 inches) at a range of around 3 cm. Orientation measurements are stated to have a precision (RMS) of 0. 15 and a resolution of 0.28 at a range of around 3 m, and of 0.0004 at a range of around 3 cm. All three cube-shaped FGs shown in Fig. 1 were tested in this study. The Long Ranger was omitted because long range measurements are typically not required for IGT applications.
2.B. Assessment phantom
The standardized assessment phantom presented by Hummel et al. 2 consists of a measurement board (Hummel Board) and a sensor mount which allows for positioning tracked objects on this board as shown in Fig. 2 . For positional measurements, a known grid of 10 9 9 = 90 positions with distances of 5 cm is sampled. For smaller tracking volumes, the grid is limited to 4 9 3 = 12 positions. 3 Orientational measurements are performed for a rotation of 360 over 32 steps of 11.25 each. They can be repeated for all possible orientational degrees-of-freedom (DoF) which were defined as ROT_1, ROT_2, and ROT_3 (3 9 32 steps). The Hummel Board and the sensor mount used for this study were recreated in the workshop of the German Cancer Research Center using a CNC milling machine (type: Mikron WF 31C) that provides a manufacturing tolerance of AE0.01 mm.
2.C. Experimental setup
To assess the three Polhemus FGs mentioned above, two experimental setups were defined as shown in Fig. 3 . In the stationary setup, the bigger FGs TX4 and TX2 were placed on the side of the Hummel Board and the positional measurements of the Hummel protocol 2 were performed on three vertical levels (À10, 0, +10 cm). On each level, all 90 positions on the board were assessed. In the mobile setup, the smaller TX1 FG was placed above the center of the board and measurements were again performed on three vertical levels (5, 10, and 15 cm from the FG), while only 12 positions were used on each level. Both setups were proposed in an earlier study. 3 The rotation measurements were conducted on the middle level using the circle in the central area of the Hummel Board. For reference and for comparison with other trackers, we first took these measurements under laboratory conditions (lab environment). To test tracking robustness inside a radiology environment, the system was set up inside a CT room as shown in Fig. 4 (CT environment). All measurements were conducted in the same way as in the lab to allow for direct comparison.
Tracking of medical instruments was tested with a 14 Gauge hypodermic needle and a flexible endoscope (Olympus, Shinjuku, Japan, type GIF-XQ40) in the lab as illustrated in Fig. 5 . The sensor was inserted in each instrument, that is, the needle and endoscope, while they were fixed on an instrument mount. With this setup, the Hummel protocol was applied with the TX1 FG in the mobile setup on the bottom level. However, regarding rotational accuracy, only ROT_1 was measured because needle and endoscope could only be fixed lengthwise in the experimental setup [cf., Figs. 5(c) and
For evaluation of metallic distortion, the sensor was held in a fixed position under lab conditions as proposed by the Hummel protocol.
2 Four metallic cylinders, of which two were steel (SST 303 and SST 416), one aluminium, and one bronze, all with a length of 50 mm and a diameter of 12.7 mm, were used. In the stationary setup, the sensor was placed at a distance of 42.5 cm to the FG, and the cylinders were placed in 20 different positions between FG and sensor as well as in three positions behind the sensor, leading to 23 positions for each of the metallic cylinders. 2 In the mobile setup, the sensor was fixed at a distance of 13 cm below the FG and the cylinders were placed in five positions between sensor and FG using an adapter introduced in an earlier study. 1 
2.D. Data acquisition
The acquisition protocol by Hummel et al. 2 was applied with the Micro Sensor attached to the sensor mount (cf. Fig. 2 ) for the different setups and environments explained before. For each position on the Hummel Board, the protocol proposes to collect 150 tracking data samples at an update rate of 10-20 Hz. As the Polhemus Liberty tracker has a much higher update rate of 240 Hz, we collected 15 s of tracking data and took every 24th sample to get 150 values that are comparable to those of other studies.
To determine positional precision and accuracy, measurements were taken in the stationary or mobile setup depending on the FG. In the stationary setup, 10 9 9 = 90 positions were recorded on three vertical levels for the TX4 and TX2 FGs in both the lab and CT environment. In the mobile setup, 2 for assessment of electromagnetic (EM) trackers. A EM sensor is fixed to a mount which is placed in defined positions on the board, covering a 10 9 9 grid for the whole board or a smaller 4 9 3 grid for a smaller tracking volume. 3 The spacing between the grid positions is 5 cm. A circle of 32 positions in 11.25 steps is used for rotational measurements. [Color figure can be viewed at wileyonlinelibrary.com]
The two setups that were tested during the assessment under laboratory conditions and in the CT room. Three FGs were used to track the Micro Sensor: type TX4 and TX2 in the stationary setup and type TX1 in the mobile setup. For each setup, the Hummel protocol was applied on three levels (Top, Middle, Bottom). Metallic distortion measurements were performed with metallic cylinders located between sensor and FG as shown in the upper right example image.
[Color figure can be viewed at wileyonlinelibrary.com] this procedure was repeated for 4 9 3 = 12 positions for the TX1 FG on three vertical levels. The small volume on the bottom vertical level was chosen for the instrument measurements, in which the sensor was inserted into the needle and flexible endoscope as described before. The Polhemus trackers include a built-in dynamic adaptive filter (single-pole low-pass type) for reducing jitter. Polhemus proposes to activate this filter for greatest range and stability when using the Micro Sensor. Default values for the parameters are given as 0.05 for sensitivity, 0.05 for low, 0.8 for high, and 0.95 for max transition rate. To test the performance of this filter, we repeated the Hummel protocol once on the bottom level for all FGs with the filter activated using the given parameters.
Regarding orientation measurements, 32 positions were sampled for all three possible DoF leading to 3 9 32 = 96 measurements for all FGs and environments except for the instrument measurements, where only ROT_1 was measured due to restrictions in the experimental setup.
For the metallic distortion measurements, the sensor was held in a fixed position and four metallic cylinders were placed in relation to FG and sensor as described before. This yielded 150 tracking data samples d FG;MET;k;i ði ¼ 0; ::; 150Þ for each of the metallic cylinders MET = (SST303, SST416, aluminum, bronze) on each position k. In the stationary setup (FG = TX4, TX2), 23 positions k of the metallic cylinders were tested, leading to 4 9 23 = 92 measurements per FG. In the mobile setup (FG = TX1), the cylinders were placed on five positions k leading to 4 9 5 = 20 measurements. In addition, a reference measurement ref without any metallic distortion was conducted after each test row with a metallic cylinder.
We used the software provided by Polhemus to collect the tracking data, mainly [x, y, z] for position and Euler angles for orientations as csv files. All measurements taken in this study are provided as open data in the Open Science Framework (https://osf.io/aphzv/). Additionally, comparable data from earlier studies of the NDI Aurora 3 and Calypso 1 trackers are also provided.
2.E. Data evaluation
For each measurement of the positions on the Hummel Board and the rotations on the inner circle, data acquisition yielded a set of 150 (j = 0,...,150) data samples p FGsetup;i;j , where FGsetup describes the setup and vertical level of a specific FG (e.g., TX1ÀLABÀPOSÀBOT for the TX1 FG in the lab and position measurements on the bottom level) and i describes the pose on the board (e.g., i = 0,...,90 for the position measurements of one vertical level in the stationary setup). Based on these measurements, the following metrics were computed for both the lab and CT environment:
Precision The jitter error for each position i was defined as the root mean square error (RMSE) of the n = 150 values:
where k. . .k 2 denotes the Euclidean norm.
Distance accuracy: The distance accuracy was determined by computing the Euclidean distances between the mean tracked locations and the known physical distances on the measurement plate. The Hummel protocol proposes to evaluate 5, 15, and 30 cm distances, which was done for each vertical level in each stationary setup. Therefore, the mean position p FGsetup;i of each p FGsetup;i averaged over the 150 samples was used for computation of the Euclidean distance to another mean position. According to the Hummel protocol, all possible distances were calculated. In case of the 5 cm distances, this leads to 9 9 9 = 81 distances for each row of the grid and 8 9 10 = 80 in the columns and, hence 161 in total. Similarly, 123 distances of 15 cm and 66 distances of 30 cm were computed. In case of the mobile setup, due to the smaller grid, only 5 cm distances were computed, which lead to 3 9 2 + 2 9 3 = 12 distances. For each measured distance, the deviation to the known ground truth was defined as the distance error. Grid accuracy: As another measure of accuracy, the grid accuracy was determined by matching the set of mean grid positions p FGsetup;i of one FGsetup to the set of reference positions with the optimal transformation in a least square sense. 3 The fiducial registration error (FRE) of this transformation is used as a measure of grid accuracy.
Orientational accuracy: Relative orientation errors were found by comparing the angle between pairs of mean observed orientations to the known relative sensor rotations. The error values were calculated for 31 relative orientations in steps of 11.25 between two successive measurements. Tracking of medical instruments was evaluated by computing these four metrics for the small volume (12 positions) and ROT_1 on the bottom level in the mobile setup using the TX1 FG.
To evaluate the metallic distortion, the 150 tracking data samples for each d FG;MET;k were averaged to d FG;MET;k and the deviation to d FG;MET;ref was defined as the distortion error of one cylinder position for a specific FG.
The evaluation software used in this study was implemented in the open source Medical Imaging Interaction Toolkit (MITK) 12 and is available in the MITK repository as plugin org.mitk.igt.app.hummelprotocolmeasurement. A ready-to-use installer for the evaluation of Hummel protocol data is provided online (https://osf.io/aphzv/). A configurable csv file reader is included to read tracking data files provided by the software delivered with most trackers, for example, csv files of the Polhemus tracker. Meanwhile, the API of the Polhemus trackers was integrated in MITK, so it can be used to perform and evaluate Hummel protocol measurements with the Polhemus Liberty system or other trackers, which can also be connected via OpenIGTLink. 13 
RESULTS
The average jitter was 0.02 mm for the TX2, 0.01 mm for the TX4 (both n = 3 9 90 = 270) and 0.00 mm for the TX1 (n = 3 9 12 = 36) in the lab. Reference measurements with the well-known NDI Aurora tracker (Planar FG) 3 found a jitter of 0.20 mm which is about one order of magnitude higher than that of the Polhemus Liberty tracker. On the bottom level, a built-in filter recommended by Polhemus can reduce the jitter by a further order of magnitude (to about 0.001 mm). The jitter in the lab, separated by vertical level, is shown in Fig. 6 . In the CT, we found a similar jitter of 0.01 mm or lower for the TX1 and TX4 FGs. With the TX2 FG, we could not obtain valid data on the CT stretcher.
Regarding positional accuracy, in the lab, the average error for 5 cm distances was 0.51 mm for the TX4, 0.55 mm for the TX2 (both n = 3 9 161 = 483), and 0.60 mm for the TX1 (n = 3 9 12 = 36). The errors of all 5, 15, and 30 cm distances for all FGs are listed in Tables I and II together with comparative data of the NDI Aurora tracker. 2, 3, 14 The grid matching error is another measure for accuracy and was 2.74 mm for the TX2 and 2.79 mm for the TX4 (both with 90 grid points), which is in the same order of magnitude as that of other trackers (NDI Aurora 3 : 3.13 mm). In the case of the TX1, the grid matching error was 0.97 mm (12 grid points), which is slightly increased in comparison to the NDI Aurora tracker (0.25 mm 3 ), but still in the submillimeter range. All grid matching errors are shown in Fig. 7 , separated by vertical level. Note that we did not find any effect of the filter on any measure of accuracy. In the CT, we found increased positional errors. Table III lists all results in both environments. While the distance errors of the TX1 FG in the CT were only slightly increased from <0.9 to <1.6 mm, those of the TX4 FG were found to be up to around 10% of the measured distance, for example, 5.39 mm in average for 5 cm distances. Figure 8 visualizes the grid measurements in lab and CT for the TX1 and TX4 FGs. While measurements with the TX1 inside the smaller volume show no visual distortions, those of the TX4 FG with a larger volume show an increased error.
The orientation error, averaged over all three rotational DoF, was 0.9 for the TX4 and 0.5 for the TX2 (n = 3 9 31 = 93) in the lab. With the TX1, for which the rotation measurements were taken in the mobile setup closer to the FG, we found a lower error of 0.1 (n = 93). Table IV lists the rotation measurements, separated by the orientational DoF, together with comparative data of the NDI Aurora system. 14 In the CT, we found rotation errors in the same range as in the lab (\0:1 for the TX1 FG and \1:2 for the TX4 FG). The results of the TX2 FG are not shown because no valid tracking data could be obtained in the CT.
The results of the instrument tracking experiment are listed in Table V . As the mobile setup with the TX1 FG seemed to be the most promising, instrument tracking was tested only in that setup. Precision and orientational accuracy seem not to be affected by instrument tracking and stayed in the same range as in the other measurements. Errors for distance accuracy were slightly increased up to 1.7 mm for 5 cm distances.
Deviation under the presence of metallic cylinders stays below 1 mm in most cases, as shown in Fig. 9 . For the TX2 and the TX4 in the stationary setup (distance FG to sensor: 43 cm), the deviation went up to 9.5 mm (TX2) and 3.5 mm (TX4) when the metal cylinders were at positions near the sensor. In the case of the TX1 in the mobile setup (distance FG to sensor: 13 cm) the deviation always stayed below 0.3 mm. Comparative data of the well-known NDI Aurora system from Ref. [2] are listed in addition. 
DISCUSSION
EM trackers enable localization of medical instruments within a patient's body without line of sight. Thus, these systems have been in the focus of IGT research for many years. However, the variety of EM trackers available on the market is limited. Recently, Polhemus presented a new Micro Sensor that enables the use of their EM trackers for localization of a wide range of medical instruments for the first time. A small FG almost as small as a sugar cube -the TX1 FG -can possibly be placed quite close to the region of interest, enabling highest tracking accuracy and robustness. This can be considered as an advantage in comparison to larger FGs offered for other EM trackers. As EM tracking accuracy and robustness is a major challenge in clinical environments, we applied the well-established standardized assessment protocol of Hummel et al. 2 to the Polhemus tracker -under lab conditions as well as in a CT scanning room.
Following the Hummel protocol, measurements for determining precision, positional accuracy, and rotational accuracy as well as distortion by different metals were performed. When interpreting these measurements, we found the following:
• The jitter of the new Micro Sensor was very low (<0.02 mm) with all tested FGs and can be further reduced by special filters.
• The distance error was also quite low in the lab (around 1% of 5 cm distances) and increased in the CT as expected. While the errors of the TX1 FG in the smaller tracking volume may be acceptable for IGT applications Comparative data of the well-known NDI Aurora EM tracker from Ref. [14] are also listed. (<1.6 mm or 3.2%), the increased error inside the larger tracking volume of the TX4 is considerably higher (<5.4 mm or 10.8%). With the TX2, no valid data could be obtained in the CT.
• The orientation error measured near the smaller TX1
FG was around 0.1 in lab and CT. With the TX4 and TX2, orientation was measured farther away in the stationary setup and was much higher (up to 1.2 ).
• Under the presence of metallic cylinders, a deviation of up to 0.3 mm was measured for the TX1. When the cylinders came near the sensor in the bigger tracking volume, the deviation was much higher (up to 9.5 mm for the TX2 and 3.5 mm for the TX4).
• When tracking endoscope and needle with the TX1 FG, the jitter stayed very low and the distance error was only slightly increased (endoscope: 1.01 mm, needle: 1.66 mm).
4.A. Discussion of the results
The standardized procedure allows comparison to studies with other trackers that used the same protocol. Table VI extends an overview of different EM trackers that had been presented in Ref. [1] . Note that an earlier study with the NDI Aurora system 3 was also performed in our research lab and the setup was kept as similar as possible (same CT scanner, etc.) to ensure a maximum of comparability.
The jitter of the Polhemus tracker with the Micro Sensor (0.02 to 0.00 mm) is lower than that of other trackers (NDI Aurora: 0.18-0.05 mm; Ascension microBird: 0.14 mm) and seems not to be affected by the clinical environment. It can be further reduced by up to 80% by using the filter proposed by Polhemus (cf. Fig. 6 ). However, staying below the 200 lm for most trackers, the jitter error is sufficient for many IGT applications.
The distance accuracy of the Polhemus system, which can be considered as more relevant because it is possibly more affected by EM field distortions, is comparable to those of other trackers. In the lab, it stays in the submillimeter range on average (TX4: 0.51 mm, TX2: 0.55 mm, TX1: 0.60 mm). In the CT suite tested in this study, it increases to several millimeters for the TX4 FG (3.39 mm) and the TX1 FG (1.21 mm). In case of the TX2 FG, the tracker did not return valid positions in most parts of the tested volume, so we omitted further measurements and evaluation. It is worth mentioning that we also took measurements with the TX2 FG in the mobile setup (cf. Fig. 3) , where tracking inside the CT suite was possible with an accuracy of 2-3 mm. However, due to its size, shape, and weight, the TX1 FG would be more preferable for such a setup. With regard to the rotation measurements, errors \0:1
were observed at a distance of approximately 10 cm from the TX1 FG in the mobile setup. The results of the TX2 FG were similar in the mobile setup when we performed the additional measurements described before. In the stationary setup, the rotation measurements were taken at a distance of around 25 cm and increased errors of up to 1.2 where found for the TX4 and TX2 FGs. At this distance, we observed that the position error increased when rotating the sensor; however, this error is not tested systematically by the Hummel protocol. Earlier studies with other trackers described problems with cable routing during the rotation measurements, 3, 11 which is reflected by errors of up to 1.0 as shown in Table VI . Such problems were not observed with the Polhemus tracker, in fact rotation measurements were accurate and robust at least in the mobile setup.
Metallic distortion was <0.3 mm for the TX1 FG in the mobile setup. In the stationary setup, the distortion was <1.0 mm for the TX2 FG and <0.5 mm for the TX4 FG for most positions of the metallic cylinders. On a few positions next to the sensor, the error increased up to approximately 9 mm for the TX2 FG and 3.5 mm for the TX4 FG. In both cases, aluminium and bronze caused the highest distortions. In contrast, earlier studies found errors of up to around 4 mm for the NDI Aurora trackers caused by stainless steels next to the FG and the sensor. 2 In the same study, errors of up to 80 mm were found with the Ascension microBird tracker under the presence of SST 416.
Tracking of medical instruments, a flexible endoscope and a 14 Gauge needle, was tested with the Micro Sensor and the TX1 FG in the mobile setup. When tracking the endoscope, errors were increased and the system reported a higher error level when the sensor was at the exact tip of the endoscope. When we moved the sensor back by approximately 1 cm, tracking worked much better and the system error level was good, so we used this sensor position for the measurements. Tip calibration methods have been published (e.g., pivoting 15 ) and should be straightforward if the tip position is required for an application. The jitter error stayed on a low level at 0.01 mm or smaller during instrument tracking. The position error increased from 0.9 mm to 1-2 mm for 5 cm distances when tracking the instruments (endoscope: 1.01 mm/needle: 1.66 mm), which still seems to be accurate enough for many applications. The rotation error was at a subdegree level (endoscope: 0.3 /needle: 0.0 ).
4.B. Discussion of the protocol
The Hummel protocol 2 also proposes to test needle tracking by inserting a sensor in a metallic tube and measuring the position which is then compared to a reference measurement without the tube. It is difficult to reproduce the procedure described 2 because the distance to the FG is not defined and the metallic tube is placed manually while the sensor must not be touched. Nevertheless, we repeated the measurement with the Micro Sensor and found deviations of 0.13 mm for the TX4 FG, 1.23 mm for the TX2 FG, and 0.03 mm for the TX1 FG. Again, the mobile setup, in which the sensor is nearer to the FG, seems preferable, with the TX2 also showing a low error (0.01 mm) for that setup. In general, we would recommend to test instrument tracking as described in our methods because we consider it to be more clearly defined and thus more easily reproducible.
The accuracy of manual measurements is always limited. In an earlier study, we tested repeatability of the Hummel protocol and found a variability of around 0.3 mm. 11 In addition, manual approaches are time consuming and only allow for a limited number of measurements. Robots can be used, 16 but they lead to other problems such as a large necessary effort and possible field distortions by the robot itself. We conclude that relatively simple measurements with the Hummel protocol can at least give a good overview of the accuracy of a new system and can easily be repeated by other researchers as has been done several times in the past.
4.C. Discussion of sensor and tracker
For the NDI Aurora and Ascension EM trackers, small 5 DoF sensors with diameters of below 1 mm are available. The smaller diameter is caused by the fact that with one single sensor coil, only two rotational DoF (plus three positional DoF = 5 DoF) can be estimated because of its axial symmetry. 1 6 DoF sensors are usually slightly bigger because two coils have to be combined to measure all rotational DoF. However, Polhemus so far only offers a 6 DoF Micro Sensor with a diameter of 1.8 mm. While it fits many instruments, such as the needle and endoscope we used in this study, it might be preferable to also have a smaller sensor available for when only 5 DoF are required.
Regarding increased errors of the tracker in clinical environments, it should be mentioned that customizations, such as changing the frequency of the EM field, might increase robustness. Recently, open EM trackers 6, 17 were published and could be used to test such adaptations. However, the goal of this study was to test the Polhemus tracker in its default configuration, in which it already showed good performance for some of the tested scenarios. Customization might turn out to be a possible solution for enabling accurate EM tracking in further clinical environments.
Due to its size, the TX1 FG can be used for new navigation concepts entailing a possibly simplified setup, which in turn supports clinical translation. As an example scenario, we propose to attach the TX1 FG directly to the patients' skin and use it for CT registration. The FG can be combined with radiopaque markers, which can be used for a point-based registration technique 18 in a straightforward manner. Modelbased approaches 18 would also be possible and would not even require the small markers. Attaching the FG to a good position on the skin would assure that the tracked object (e.g., endoscope, needle, or catheter) is inside a small volume of interest with a size similar to that of the mobile tracking volume tested in this study, for which a high tracking accuracy and robustness was found.
CONCLUSION
This study showed that accurate tracking of medical instruments with jitter errors of 0.01 mm or less, position errors below 2 mm, and rotation errors of less than 0.3 is feasible with the new Polhemus Micro Sensor. As with other EM trackers, errors increase when larger tracking volumes with ranges of up to 50 cm are required in clinical environments such as a CT scanning room. However, for smaller tracking volumes with ranges of up to 15 cm, a high tracking accuracy and robustness was found, even in a CT room. This is interesting especially for the Polhemus TX1 FG which is almost as small as a sugar cube and can thus easily be placed in close vicinity to the region of interest. In a next step, with this smallest FG available on the market, new promising setups for workflow-integrated and robust EM tracking can be tested for many IGT applications.
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